We propose to use optical antennas made out of natural hyperbolic material hexagonal boron nitride (hBN), and we demonstrate that this medium is a promising alternative to plasmonic and all-dielectric materials for realizing efficient subwavelength scatterers and metasurfaces based on them. We theoretically show that particles out of hyperbolic medium possess different resonances enabled by the support of high-k waves and their reflection from the particle boundaries. Among those resonances, there are electric quadrupole excitations, which cause magnetic resonance of the particle similar to what occurs in high-refractive-index particles. Excitations of the particle resonances are accompanied by the drop in the reflection from nanoparticle array to near-zero value, which can be ascribed to resonant Kerker effect. If particles are arranged in the spacer array with period d, narrow lattice resonances are possible at wavelength d, d/2, d/3 etc. This provides an additional degree of control and possibility to excite resonances at the wavelength defined by the array spacing. For the hBN particle with hyperbolic dispersion, we show that the full range of the resonances, including magnetic resonance and a decrease of reflection, is possible.
Optical antennas can be applied for efficient light control including enhancing light-matter interaction, increased localization, improving light harvesting, directional scattering, and so on [1] . In particular, plasmonic antennas have brought a great promise of light manipulation as they enable to localize light at subwavelength scale [2] [3] [4] . Various plasmonic nanostructures have been extensively studied for a wide range of functionality and applications [5] [6] [7] . Small particles of simple shapes, like spheres or disks, support only electric dipole and quadrupole resonances, and to achieve magnetic response one need to design nanostructures involving more complex shapes e.g. coreshell particles, split-ring resonators, or dielectric gaps between metal layers. Next, nanoantennas out of multilayer metaldielectric structures have been proposed, and the excitation of both electric and magnetic resonances there have been studied [8] [9] [10] . Recently, all-dielectric antennas have emerged as a promising alternative to plasmonic nanostructures and, in particular, nanoparticles made out of high refractive index have attracted a lot of attention [11] [12] [13] [14] [15] . Particles of simple shapes like spheres or disks have both electric and magnetic resonances, and these resonances can spectrally overlap in the disks enabling unidirectional scattering [16] .
Both plasmonic and all-dielectric structures have practical disadvantages and obstacles for real-life applications. Plasmonic structures are based on metal and suffer from high non-radiative losses. In all-dielectric structures such as silicon or germanium, non-radiative losses are low because of the small material losses, and radiative losses dominate preventing technology from miniaturization. Moreover, radiative losses can be especially high in the structures of a moderate refractive index such as oxides [17] .
Here we propose to use antennas made out of natural hyperbolic material hexagonal boron nitride (hBN), and we demonstrate that this medium is a promising alternative to plasmonic and alldielectric materials for realizing optical antennas and metasurfaces based on them. The hyperbolic medium has the different signs of real part of permittivity tensor components and consequently hyperbolic dispersion [18, 19] . Artificially designed hyperbolic media (hyperbolic metamaterials or HMM) have been extensively studied in the last decade, and two main approaches for HMM realization have been widely used: arrays of metal nanorods and metal-dielectric multilayer structures.
Hyperbolic media support waves with high wavenumber (high-k waves), which enable a variety of interesting effects, like strong and broadband spontaneous emission enhancement, anomalous heat transfer, etc. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Recently, high confinement of optical mode in the hyperbolic medium has been studied in waveguiding [30] [31] [32] and tapers [33] . HMM-based nanocavities and nanoresonators have been shown to support different modes [34] [35] [36] [37] [38] [39] , and to provide an increase of radiation efficiency, spasing, etc. [40] [41] [42] [43] . However, because of the metal components of the structures, optical losses are high, resonances are broad, and performance of such plasmonic resonators is moderate.
Very recently, polar dielectrics, such as hBN [44] [45] [46] [47] , silicon carbide [48, 49] , gallium nitride [50] , have been shown to support phonon-polariton resonances in the mid-infrared range, which goes with negative permittivity (so-called Reststrahlen band) and all effects similar to plasmonic ones but with much lower optical losses [51] . In polar dielectrics, polarization is induced by oscillating ions rather than electron-hole density. The lifetime of phonon-polaritons is much longer than plasmon-polaritons due to significantly larger scattering times associated with optical phonons as compared to plasmons. Furthermore, because of the van der Waals layered structure, hBN has resonances of in-plane and out-of-plane permittivity components at different wavelengths (two well-separated Reststrahlen bands, around 7 and 13 µm regions) and consequently possess hyperbolic dispersion with low optical losses. Thus, this natural hyperbolic material can be the main component of future photonic devices and applications [52] [53] [54] [55] [56] [57] [58] [59] .
Hexagonal boron nitride particles have been proposed as subwavelength resonators, and the possibility of multipole resonance excitations have been pointed out [60] [61] [62] . In the present work, for the first time, we study scattering properties of hBN particles, and in particular, we theoretically show that these particles support both electric and magnetic resonances, spectral overlaps of these resonances cause directional scattering (Kerker effect), and periodic arrangement of the particles can result in lattice resonances. The demonstrated effects provide the basis for further development of functional metasurfaces.
To start with, we consider antenna array with periods d x and d y and incident light polarized along the x-axis ( Fig. 1a ). Antenna dimensions are a x , a y , and a z , and they are surrounded by the homogeneous environment with ε e = 1. Antennas are made out of hyperbolic medium with permittivity components ε x = ε y , Re(ε x ) < 0 and Re(ε z ) > 0 (type II hyperbolic medium). First, we analyze properties of antennas that have ε x = ε y = -14.6+1i, and ε z = 2.7, which corresponds to the hBN at wavelength 7 µm according to permittivity model of [63] . Throughout the study, we vary wavelength but keep permittivity value fix with the purpose to illustrate the general concept of resonance excitations. At the second part of the work, we show properties of the antennas with wavelength-dependent permittivity that corresponds to hBN.
For the considered hyperbolic medium, the propagation wavenumber (k x , k y , k z ) satisfies the dispersion equation
where k 0 = 2π/λ 0 and λ 0 is free-space wavelength. One can expect that for the particle with dimensions a x , a y , and a z , resonances occur when
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where n x , n y , and n z are integer numbers.
Thus, in the resonance, the following condition is satisfied:
In a more general case, Eq.
(2) should include phase change at the boundary, e.g. 0 2
x x x k a n     , but we restrict ourselves with the simplest model and show it works well. Earlier, this model was shown to be applicable to describe resonances in the waveguides out of hyperbolic medium with finite-size ridges of HMM [30] , nanowire resonators [34] , and hyperbolic spheres [64] . This model of Fabry-Perot resonances has also been applied to dielectric nanobars [65] . In our case, because of the different signs of Re(ε x ) and Re(ε z ), both k x and k z wavevector components can be high (known as high-k waves in HMM), and the particle of hyperbolic medium with deeply subwavelength dimensions can support a number of different resonances. (3) for different a z . Antennas parameters are a x = 0.9 µm, a y = 0.5 µm, n y = 0, and n x = 1. Purple marks show the position of resonances in numerical modeling. (f) Numerical calculations of absorption and reflection spectra for different a z . Structure parameters are d x = 2.5 µm, d y = 2.5 µm, a x = 0.9 µm, and a y = 0.5 µm.
Comparison of results of Eq. (3) and numerical simulations with CST Microwave Studio, frequency domain solver shows a good agreement (Fig. 1) . Excited resonances can be classified according to n z : n z = 1 corresponds to electric dipole resonance (EDR); n z = 2 to electric quadrupole resonance (EQR); and we refer to the resonances with n z > 2 as electric multipole resonances (EMRs). Similar to the high-refractive-index particles, a reflection of the light from particle boundaries causes electric field circulation, and magnetic resonances (MR) are induced. The most efficiently MR is excited in the case of n z = 2, and we show mode field distribution for H y in those cases only (Fig. 1d ). Calculations of n z with Eq. (3) provide a general guideline where electric and magnetic resonances can be expected for particular particle dimensions. Only EDRs fall out the model predictions and usually appear at the smaller wavelength. Higher multipoles are excited at a larger wavelength, which is different from plasmonic and dielectric particle resonances, where higher multipoles are at smaller wavelength range.
Excitation of MR/EQR is accompanied by the drop of reflection to nearly zero, which can be attributed to the destructive interference of light scattered backward by different multipoles and Kerker effect. Both MR and EQR are excited simultaneously and overlap with EDR, that is the generalized Kerker condition is satisfied [66] [67] [68] [69] [70] .
Further, we consider larger particles with a x = 2.4 µm, to illustrate excitation of resonances with n x >1 (Fig. 2) . The resonance at λ = 3.7 µm at normal incidence is essentially different in comparison to the resonances at λ = 4.5 µm and oblique incidence with θ = 10⁰ and λ = 4.9 µm at θ = 20⁰. The latter two correspond to n x = 2 and accompanied by the drop in reflection.
Lattice resonances in periodically arranged arrays are well studied for both plasmonic and all-dielectric particles [71] [72] [73] [74] [75] [76] . In a similar way, particle out of hyperbolic medium can possess resonances at the wavelength defined by the period of the structure. Here, we show two examples: the array with d y = 8 µm has electric-multipole lattice resonance (EM-LR) excited at λ 1 ≈ d y = 8 µm, and the array with d y = 15 µm has two EM-LRs excited at λ 1 = d y = 15 µm and λ 2 = d y /2 = 7.5 µm. From the field distribution, one can see that EM-LRs have higher n z then EMR (Fig. 2d ). In other calculations (not shown here) we also observed resonances at λ 3 = d y /3 and even λ 4 = d y /4. A remarkable feature of lattice resonances is that they can be excited spectrally far away from the resonances of the single particle, and the example in Fig. 2c show well-pronounced resonances 8 µm further away from the last EMR in the closely spaced array. Finally, we analyze resonances and scattering properties of the antennas with realistic permittivity (Fig. 3 ; data and model from [63] ). Within the band 6.2 -7.4 µm, real part of in-plane permittivity component of hBN changes from near-zero to highly negative value followed by the sharp increase and positive value. In this case, a model of Eq. (3) also adequately predicts what resonances can be excited, and we observe multiple EDRs as well as full range of EMRs with n z = 2 to 5. Most of the resonances are accompanied by the near-zero reflection, but the reflection is the largest between EDR (A) and EQR (B).
To conclude, we have shown that particles out of hyperbolic medium possess different resonances enabled by the support of high-k waves and their reflection from the particle boundaries. These resonances are well predicted and described by the analytical expression Eq. (3). Among those resonances, there are electric quadrupole excitations, which cause magnetic resonance of the particle similar to what occurs in high-refractive-index particles. Excitations of the particle resonances are accompanied by the drop in the reflection from nanoparticle array to near-zero value, which can be ascribed to resonant Kerker effect. If particles are arranged in the spacer array with period d y , narrow lattice resonances are possible at wavelength d y , d y /2, d y /3 etc. This provides an additional degree of control and possibility to excite resonances at the wavelength defined by the array spacing. For the hBN particle with hyperbolic dispersion, we have shown that the full range of the resonances, including magnetic resonance and a decrease of reflection, is possible.
